ABSTRACT This paper presents a sense mode closed-loop method for dual-mass micro-electro-mechanical system (MEMS) gyroscope based on the bipole temperature compensation method. A pair of conjugate poles are investigated as the bottle neck of the sense closed-loop system of MEMS gyroscope, and the bipole temperature compensation proportional controller (BTCPC) is employed to realize the closed-loop: a pair of additional conjugate zeros are utilized to generate bipoles with poles. Since poles changes with temperature, thermal resistance is utilized in BTCPC to make zeros variable with temperatures. The BTCPC is designed very carefully to make the system have enough bandwidth and better performance. The overall gyroscope model is established and simulated either in the time domain or the frequency domain, and the results verify that the sense closed-loop works rapidly and steadily. The system is realized on PCBs and is tested on the turntable in temperature oven. 
I. INTRODUCTION
The MEMS gyroscopes and devices are utilized in more and more application areas, including automotive safety, energy harvesting, industrial controlling, inertial navigation, and consumer electronics [1] - [3] . A lot of work are reported to improve the gyro characteristic, including bias drift prediction [4] , tiny capacitance detection interface circuit [5] , structure noising analysis [6] , quality factor optimization [7] , structure advanced manufacture [8] ,
The associate editor coordinating the review of this manuscript and approving it for publication was Hadi Heidari. bandwidth expanding [9] , [10] , data compensation [11] - [13] , quadrature error correction [14] , and so on. For most linear vibrating MEMS gyroscopes structure, the mechanical sensitivity and mechanical bandwidth are both governed by the resonant frequency split of drive and sense modes' f [9] . Sense mode closed-loop technology is employed to improve the precision of MEMS gyro. The sensing closed-loop for single mass MEMS gyroscope based on automatic gain control (AGC) technology is proposed in paper [15] . Another sensing mode closed-loop was reported in work [16] , in this work, a simple PI controller was utilized, and the results were outstanding (bias stability was about 3 • /h) during a wide temperature range. The notch filter was employed in sense closed-loop in work [17] , and the experiments show that the bandwidth, nonlinearity and scale factor temperature coefficient were optimized after sense loop was closed. PI controller were employed in sense closed-loop in work [18] and [19] , and the characteristic of MEMS gyroscopes were improved obviously. The work in [20] , [21] and [22] employed genetic algorithm andmodulator in sense closed-loop, and 6 th order band-pass modulator was reported. A novel model predictive control method was utilized in sense closed-loop in work [23] . In work [24] , a novel narrow-band force rebalance control method for the sense mode of MEMS gyroscope was presented, and a band pass filter was utilized to substitute the demodulation and modulation module. Work [25] proposed a novel robust design method for the sense closed-loop based on fuzzy reliability and Taguchi design, the method enhanced the temperature characteristic obviously. A novel decentralized force-to-rebalance closed-loop control method was proposed in [26] , and the bias stability of the MEMS gyroscope improves obviously. Work [27] reported a controllable MEMS gyroscope design concept with the help of a new 2-degreesof-freedom (2-DOF) sense mode oscillator to linearize the electrostatic control force.
The work in this paper focuses on the sense mode closedloop design and experiment. And the goal of the loop is supposed to improve the MEMS gyroscope characteristic in the following aspects: bias stability, bandwidth, temperature coefficient and scale factor nonlinearity. This paper is organized as following: Section II introduces the dualmass sensing mode coupling MEMS gyroscope structure. In Section III, sense closed-loop method based on bipole temperature compensation proportional controller (BTCPC) are described, including the controller and system design and simulation. Then, the gyroscope monitoring system and experimental results based on BTCPC are given in Section IV. The results discussion and concluding remarks are shown in Section V.
II. DUAL-MESS MEMS GYROSCOPE STRUCTURE
The dual-mass sensing mode coupling MEMS gyroscope structure researched in this paper is shown in figure 1 [6] . This architecture is constituted by two symmetrical parts, which are connected by two center U-shaped connect springs whose parameters are same with drive U-shaped spring. The left and right Coriolis mass are sustained by 2 drive U-shaped springs (DS-A, B) and 4 sense U-shaped springs (SS-C, D, E, F) respectively, and these springs linked by drive and sense frames. The moving comb fingers combined with frames while the static ones fixed with the substrate. The whole architecture is suspended and supported by 8 drive (DS-C, D, E, F for left part) and 4 sense (SS-A, B) U-shaped springs. Turning fork theory is employed in drive mode, the left and right masses are connected and coupled by connect U-shaped spring, when two sensing masses are coupled by the x axis warp of drive springs. The first four order modes of the structure are analyzed and shown in figure 2: Fig. 2 (a) shows the 1 st mode, the drive in-phase mode, left and right masses move in same direction along x axis. Fig. 2 (b) shows the 2 nd mode, the sensing in-phase mode, left and right masses move in same direction along y axis. The drive anti-phase is expected drive mode. So, left and right Coriolis masses both have two degrees of freedom (along x and y axis). Drive frame has one degrees of freedom (along x axis) and sense frame has one degrees of freedom (along y axis). The angular input axis is z axis in figure 1 . The real working sensing mode is proved as the superposition of 2 nd and 3 rd modes, and the motion equation is [9] :
where, is sense mode feedback force, and in the beginning, it is set as 0 to achieve sense mode displacement characteristic y = y 1 + y 2 , and we get (2) and (3), as shown at the bottom of this page.
III. SENSE CLOSED-LOOP DESIGN A. SENSE CLOSED-LOOP ANALYSIS
The dual-mass MEMS gyroscope sense closed-loop system schematic is shown in figure 3 . In figure 3 , it can be seen that the structure is dual-mass and sensing mode coupling structure, and the sense mode is the superposition of sense in-phase mode and sense antiphase mode [9] . K yc and K pre are displacement to capacitance transform function and pre-amplifier; K amp is second differential amplifier; F LPF1 is second order low pass filter, F BTCPC is the controller; K FBy is voltage-force interface transform coefficient of force rebalances combs; K inphase and K inverse are displace-voltage transform parameters of sensing in-phase and anti-phase modes and K inverse K inphase , and the following equations can be get:
Substituting Equations (4) and (5) into (6), and after Laplace transformation, it can be get that:
And after Equation (7) Laplace transformation, substituting Equation (11) into it, then (12) , as shown at the bottom of this page. The low pass filter F LPF1 cut off the high frequency components, then, the output of the sense closed-loop V Oclose can be expressed as:
where
And, the poles of G sE are:
, and:
B
. BTCPC DESIGN AND SIMULATION
The dual-mass MEMS gyroscope sense open-loop system (remove the ''Feedback Part'' in Figure 3 ) bode map is shown in figure 4 . The ''peak'' is generated by p 1,2 at frequency ω 2 (resonant frequency split of ω x2 and ω y2 ). Since the resonant frequencies and quality factors of drive and sense mode move with temperature, the bode map is simulated under different temperatures. It is obviously that the conjugate poles p 1,2 limited the phase and amplitude margin of the system, and the value changes with temperature. Then, the BTCPC is designed with following requirement:
x BTCPC should generate a pair of conjugate zeros (named as z c1 and z c2 ) to compensate the influence of poles p 1 , and p 2 . Then, the transfer function of BTCPC can be expressed as:
where, A BTCPC is the reciprocal of gain (proportional component), ω BTCPC is the pole of BTCPC. And, in this work, the gyroscope structure is in vacuum package and Q y2 > 2000, and then the above equation can be simplified as: y The BTCPC can expanding the bandwidth of the gyroscope, and the bandwidth is supposed to more than 50 Hz. So, the pole of BTCPC ω BTCPC should be designed as more than 314 (50×2π) rad/s. z The gain of the BTCPC is not suitable to be too large, otherwise the system will be unstable, and this paper makes this value is adjustable.
{ Since poles p 1 , and p 2 verify with temperature, z c1 and z c2 should be changed with the temperature.
| The poles of BTCPC are designed as two-same real root to avoid the influence of ''peak'' generated by imaginary roots, and the magnitude frequency curve decays rapidly at a slope of −40dB outside the bandwidth.
After the analysis of the requirement of BTCPC, the circuit together with the parameters is proposed in the figure 5. And transfer function can be expressed as:
In order to satisfy the design rule {, this paper employs a thermal resistance, and the resistance R 1 is divided as three resistances:
, and make R f 1b R fab , then
, and R f 1b is the thermal resistance, it value is:
where, T is the temperature centigrade degree. This paper analyzed the BTCPC in both circuit level and system level with different mechanical parameters (resonant frequency and quality factor) under different temperatures (from −40 • C to 60 • C). The mechanical parameters vs temperature curves are shown in figure 6 (the trend follow same direction and the resonant frequencies change about 0.3%, while quality factors change more than 20%). And the circuit and system level simulation curves are shown in figure 7 . From figure 7 , it is obviously that the compensation zeros of BPCTC generate a ''valley'' at about 24 Hz which is the value of ω 2 , and matches the ''peak'' in figure 4. And the simulation results verify the function of BPCTC. Meanwhile, the circuit level simulation results match the system level simulation results, which proves the circuit can satisfy the requirement of BPCTC module in system.
C. MEMS GYROSCOPE SENSE CLOSED-LOOP SYSTEM REALIZATION AND SIMULATION
The dual-mass MEMS gyroscope sense closed-loop system schematic is shown in figure 8 . In drive loop, drive mode displacement x(t) is detected by drive sense combs and processed by differential amplifier x. Then, module y delays the signal phase with 90 • to satisfy the phase requirement of AC drive signal V dac Sin(ω d t). After that, full-wave rectifier z and a low pass filter { pick up the amplitude of V dac Sin(ω d t). And, V dac is compared with the reference voltage V ref } through module |. Next, drive closed loop PI controller~generates the control signal, which is modulated by V dac Sin(ω d t), and then the signal is superposed (through ) by V DC to stimulation drive mode.
The sense loop utilizes a similar interface. Firstly, the left and right Coriolis masses' movement signals are detected separately with differential detection amplifiers 11 . And the output signals are processed by second differential amplifier 12 to form sense mode movement signal V stotal . Then, V stotal is demodulated by signal V dac Sin(ω d t) (in 13 ) and demodulated signal V dem is generated. After that, V dem passes through the low pass filter 14 The dual-mass MEMS gyroscope sense closed-loop system modal is established in Simulink Soft and is shown in Figure. 9 . The model contains five part: the gyroscope structure part (orange color), the drive loop part (cyan color), the quadrature error part (green color, and this part is reported in [14] and is separated from sense channel, so it did not figure 9 can be expressed as:
Their values can be calculated by the parameters in figure 5 . Then, the system model is simulated under sense open-loop and sense closed-loop condition, the time-domain simulation results are shown in figure 10 .
It can be seen in figure 10 , in sense open-loop, the system is ''power on'' at 0s, and achieve steady state in 1s, after that, the angular rate z = 100 • /s is applied in the model at 3s, and the Coriolis signal output stays steady at 3.5s.
Also, the amplitude of sense mode is about 0.08um (peakpeak value). The simulation results indicate that the sense open-loop system is stable.
In sense closed-loop system in figure 10 , the system is powered on at 0s, and the system is steady at 0.5s, then, the z = 100 • /s is applied in the model at 1s, the system achieves the new steady state at 1.5s. Meanwhile, the sense mode movement amplitude is very tiny, and almost the same as when z = 0 • /s, this is because the feedback force balanced the Coriolis force generated by z . The scale factor can be adjusted in F LPFf .
The sense closed loop frequency-domain simulation results under different temperatures are shown in figure 11 , and the bandwidth (−3dB cut off frequency) is more than 60Hz, which satisfies the design rules (>50Hz). The system stability is verified by ''zero-pole'' map and ''Nyquist'' diagrams which are shown in figure 12 and figure 13 . From figure 12 , there are not any zero on right part of Real Axis when temperature moves from −40 • C to 60 • C, which indicates that the system is stable during the full temperature range. Also, the Nyquist diagrams under different temperatures show that the curves did not contains (−1, 0j) point, which verify the system is stable during the temperature range
So, from the time-domain and frequency-domain simulation, the results show that the sense closed-loop system is rapid and stable, also satisfy the bandwidth design requirement. Then, the system is tested.
IV. EXPERIMENT A. EXPERIMENT PLATFORM AND EQUIPMENT
The gyroscope utilized in the experiments is designed, fabricated by the research group, and the equipment are shown in figure 14 . The experiment is on a turntable inside temperature oven (the temperature range covers −40 • C to 60 • C). The gyroscope structure is packaged in a vacuum ceramic cartridge (quality factors are over 1000, and the test results are shown in figure 6 ). The monitoring circuit is arranged in three PCBs: PCB I contains the drive loop part (figure 9 cyan color part) and pre-amplifiers (part x -11 in figure 8) , and connects the structure chip. This PCB is carefully designed and dealing with weak signal.
PCB II contains quadrature error correction part (which is shown in figure 9 green color part) .
PCB III contains sense loop and contains 12 -20 parts in figure 8 . And this PCB can work under both sense openloop and sense closed-loop conditions. BPCTC part is in this part.
The gyroscope structure chip and the PCBs are packaged in a steel shell, which is connected with ''GND'' signal, and provides electromagnetism shield. The PCBs are covered with rubber pad, which can protect the system from shock and vibration.
Signals phases and amplitudes are observed with oscilloscope (Agilent DSO7104B), and the data is picked up by multimeter (Agilent 34401A). The power (Agilent E3631A) provides ±10V DC voltage and GND, the signal generator (Agilent 33220A) producing V Tes . The temperature oven providing wide-temperature range environment and the bandwidth of the gyroscope is tested by turntable.
B. MEMS GYROSCOPE SENSE CLOSED-LOOP STATIC TEST
The static experiment follows five steps:
1. Set the environment: release the turntable, and make temperature in oven is set as room temperature, and the sample rate is set as 1Hz. , and make system works with sense closedloop condition, let the system power off for one hour to make sure the system is cool. Then, power on, pick up the output signal of gyroscope for 4800 seconds. Repeat the step 4 for five times to verify the repeatability of the gyroscope. 5. Calculate the sense closed-loop scale factor: let the turn table generate z = ±100 • /s, and collect the gyroscope output values, then calculate the sense closedloop scale factor. Then, draw the output curve of sense closed-loop as shown in figure 15 . From figure 15 , it can be seen that, the drift trend is almost eliminated after the sense loop is closed, and the bias value is improved with the help of BPCTC. The five repeatability test for sense closed-loop verify the good repeatability of the sense closed loop.
The Allan derivation results are shown in figure 16 , 
The results show that the bias stability performance is improved obviously after the BPCTC sense closed-loop is employed, and the noise characteristic does not been improved significantly. So, BPCTC method can balance the movement caused by Coriolis force, but from equation (14), it can be seen that the BPCTC method is an enhance edition of sense open-loop, which does not influence the noise characteristic very much.
C. MEMS GYROSCOPE SENSE CLOSED-LOOP TEMPERATURE TEST
The temperature experiment follows three steps: 1. Set the environment: release the turntable ( z = 0 • /s), and make temperature in oven go up to 60 • C, and stay one hour to make sure the gyroscope inside temperature is 60 • C. 2. Pick up the sense open-loop output data: make system works with sense open-loop condition, make temperature down to −40 • C with its max rate. Then, power on, pick up the output signal of gyroscope for 3600 seconds. After that, the temperature inside gyroscope is −40 • C steady, and let temperature go up to 60 • C, also pick up the output data for 3600 seconds (with sampling rate is 1Hz). The curve is shown in figure 17 . 3. Pick up the sense closed-loop output data: make system works with sense closed-loop condition, make temperature down to −40 • C with its maximum rate. Then, power on, pick up the output signal of gyroscope for 3600 seconds. After that, the temperature inside gyroscope is −40 • C steady, and let temperature go up to 60 • C, also pick up the output data for 3600 seconds (with 1Hz sampling rate). The curve is shown in figure 18 . In figure 17 and figure 18 , it can be seen that the open and closed loop have same temperature trend, and even have same ''inflection point'' about when time is 900 second. And the temperature coefficient of sense open and closed-loop are calculated by following the equation:
where B max and B min are the maximum and minimum value of the output bias during the full temperature range. And from figure 17 and figure 18 , it can be calculated that the bias 
V. CONCLUSION AND DISCUSSION
A novel sense closed-loop for dual-mass gyroscope is proposed in this paper based on bipole temperature compensation proportional controller (BTCPC). The BTCPC is designed by following five rules: compensating undesirable structure mechanical poles, enough bandwidth, gain adjustable, zeros changing with temperature and high frequency noise depression. The BTCPC circuit and system module are simulated, and the gyroscope system model (containing gyroscope structure, drive loop, quadrature error correction loop and sense loop) is established in Simulink Soft and simulated both in time-domain and frequencydomain. The simulation results show that the sense closedloop system works well and has better speed-ability and stability than open-loop. The monitoring circuit system is realized on three PCBs and the experiments are arranged on static performance, temperature characteristic and bandwidth. The 
